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The objective of the present research project was to investigate the feasi-
bility of fabricating toughened ceramic chamber liners for small caliber weapons 
Alumina was chosen as the matrix material to be toughened because of its ready 
availability at a low cost, well characterized ceramic powder, high strength, 
chemical inertness, high abrasion resistance, and low thermal conductivity of 
the densified ceramic as well as its being compatible with the toughening agent, 
zirconia, at fabrication and use temperatures. Slip casing was selected as the 
fabrication technique because of its low cost, easv scale-up factor for nro-
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duction, near net size and shape fabrication capability, and ability to 
mutually disperse the powders. Chamber liner prototypes containing 12.5 
volume % yttria PSZ yielded toughness values significantly higher than those 
for the alumina matrix without zirconia particulate additions. Two prototypes 
were fabricated for in-chamber tests to determine the shock resistant capa-
bilities of the composite ceramic chamber liners. 
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The object of the research reported on herein was to investigate the feasibility 
of fabricating toughened, composite ceramic chamber liners for small caliber automat-
ic weapons. Previous investigations using single component ceramics yielded unac-
ceptable results because of their lack of toughness to withstand pressure and thermal 
shocks. Therefore, this investigation was conducted by using a two-component ceramic 
consisting of a matrix and toughening agent. The material selection was based on the 
required functional characteristics of the composite ceramic as well as the 
fabricability of the material. 
It has been established that alumina can be. toughened by the dispersion of 
zirconia particles throughout a ceramic matrix .1-3 This increase in toughness is 
attributed to the tetragonal to monoclinic (t-+m) phase transformation of the zirconia 
particles. There are two major theoretical mechanisms for toughness enhancement: 
stress-induced phase transformation and subcritical extension of microcracks produced 
around transformed particles. 
Stress-induced transformation results from the fact that the tetragonal zirconia 
particles are transformed in the stress field of a propagating crack. During trans-
formation, energy associated with brittle fracture is absorbed and is not available 
to drive the crack. Microcrack toughening results from the spontaneous t-+m phase 
transformation. This creates a multitude of subcritical cracks around the zirconia 
particles. These subcritical cracks collectively are able to absorb and dissipate 
energy as they extend subcritically. Other possible toughening mechanisms include 
crack deflection, multiplication, and impediment. 
There is a critical maximum zirconia particle size, D , beyond which the 
stresses around the particles overcome the elastic constraint i~posed on them by the 
matrix. This particle size is influenced by the particles' physical properties and 
chemical composition. Therefore, D is a function of both the physical and chemical 
parameters of the zirconia particle~ and the matrix. 
During the project, several engineering ceramics were considered 3S rr.atrix 
materials for the incorporation of zirconia as a second phase toughening agent. A 
summary of the matrix selection consideration is given in the next !::lection. Alumina 
was selected as the matrix material of ch~ice for its high strength, chemical inert-
ness, high abrasion resistance, ease of fabrication, compatibility with zirconia and 
its additives, and general 3cceptance as a low cost engineering ceramic in inJustrial 
and technical applications. Commercial alumina and zirconia powders were chosen as 
the raw materials, because they are high quality, well characterized powders th3t are 
available at a reasonable cost. Slip casting was selected as the fabricAtion tech-
nique because of its low cost, easy scale-up factor for production, near net size and 
shape fabrication capability, and ability to mutually disperse the powders. 
This report contains a description of the materials selection r~tionale, experi-
mental techniques used in the project, the results, and methods cf analysis. Recom-
mendations are made for varying the initial particle size ot the powders <both 
alumina and zirconia) by milling and by utilizing different commercial grades. Two 
types of zirconia powders were investigLlted: unstabilized and yttria Partially 
~tabilized Zirconia (PSZ). 
1 
MATRIX MATERIAL SELECTION 
The matrix materials considered during the course of the project for zirconia 
toughening included 1) alumina, 2) magnesium aluminate spinel, 3) mullite, 4) 
silicon nitride, 5) silicon carbide, 6) thoria, and 7) zinc oxide. All of these 
except alumina were eliminated from consideration in the early part of the program 
for the various reasons that are summarized below. 
Magnesium Aluminate Spinel 
Although the meager amount of literature4 on the fracture analysis of magnesium 
aluminate spinel indicates that definite strengthening takes place with additions of 
zirconia particles, none of the reports show that the rather poor thermal shock 
characteristics of the spinel is improved. It is because of this poor thermal shock 
resistance and the fact that there is nothing to raise one's expectations for im-
provement that this material was eliminated from further consideration. 
Mullite 
Because Mullite is known to have better thermal shock resistance than alumina, 
it w~s6 also considered as a possible matrix material. It is noted in the litera-
ture ' that dispersed precipitates of zirconia particles in mullite are formed 
in situ by presintered alumina-zircon mixtures. It has been reported that the 
strengEh of these composites is considerably improved over the strength of mullite 
alone; however, because pure mulli te cannot be obtained through the react ion of 
alumina with zircon, a direct evaluation of the improvement brought about by the 
zirconia inclusions cannot be made. An optimization of the volume fraction and 
particle size and size distribution is also hampered with this technique. These 
difficulties along with the problems of standardization and quality control of the 
raw materials and difficulties in making a stable slip excluded this material from 
further consideration. 
Silicon Nitride 
Silicon nitride has been widely studied as a new high temperature structural 
ceramic. It has not, however, reached the stage of being a reliable, available 
material, and in fact there is still difficulty in comparing data on Si 3N~ from one 
laboratory to another. Other serious problems exist with Si 3N4 . Because of the high fabrication temperatures required to densify it, reac~ions with zirconia cannot be 
avoided. Some ZrN is formed, and it has been reported' that ''·30% of the z:rconia is 
stabilized in the cubic phase by nitroge_n. . This f~action ca~ be reoxidi.zed 8 ~~ 
monoclinic ZrO at elevated temperatures i.n air leading to surrace toughening. 
') Beca~se of the(tfgh thermal mismatch, ~etention of tetragonal Zr0 2 has,~e;n reported 
as impossible. Another problem with toughness enhancement of Si 1 ~ 4 by ZrO~ 
particle additions is that Si3 N4 .grain boun~ary 4oxidati0n is enharice<l therebv deteriorating the mechanical properties of the Si 3N4 . 
Silicon Carbide 
The very high temperatures required to densify silicon carbide lead to gross 
reactions with zro
2
. It has been reported that additions of large amounts of 
2 
Al 2o3 to reduce the temperature for li~yid-phase formation and thus the densif ication temperature can overcome this problem. Some toughening has been reported with this 
technique with ~dditions of both Zr02 and HfO . Recently, Japanese forkers have 
reported toughening enhancement of alumina by adaing diamond particles. 1 During hot 
pressing and reannealing, the diamonds tend to transform to graphite, and the volume 
expansion of this transformation produces toughening in a similar fashion to the 
tetragonal-monoclinic zirconia transformation. Because carbon is compatible with 
silicon carbide, several experiments were made at the University of Missouri-Rolla 
during the present project to demonstrate toughening of SiC by the transformation of 
dispersed diamond to graphite, but none were successful because of the pressure and 
temperature limitations of the available hot pressing equipment. 
Zinc Oxide 
Although Zr0 2 toughening of ZnO has been reported,
13 the material does not have 
the necessary physical properties for the application under consideration. 
Thoria 
The radioactivity and legal 
o~viates i tp4 use in the project, literature. 
requirements involved in handling this material 
although Zr02 toughening has been reported in the 
THEORY 
Fracture toughness (KI ) of a solid material is a measure of its resistance to 
the propagation of cracks. Cfhe fracture toughness of an alumina body can be enhanced 
by increasing its ability to absorb the energy needed for the propagation of cracks 
from their sources. This can be a1~~plished by properly dispersing zirconia parti-
cles through the matrix of alumina. 
The ability of such a composite to absorb the energy needed for crack propaga-
tion can be attributed to several mechanisms. The two most prominent are 
Stress-Induced Phase Transformation and Microcrack Formation-Extensinn. Crack 
Deflection/Multiplication/Impediment contributions are possible but are considered 
minor when the dispersed particles undergo a large volume change upon transformation. 
Stress-Induced Phase Transformation 
Stress-induced phase \5ansf ormation is analogous to Transformation induced 
Plasticity (TRIP) of steels. Under certain conditions, during the densification of 
a composite body of A1 2o3-zro 2 , the ZrO~ particles retain a high temperature, tetragonal, crystal structure upon cooling:- Crack propagation energy is absorced 
when the tetragonal to monoclinic (t-+m) phase transformation occurs as the process 
zone around the advancing crack tip interacts with the stress fields of the 
tetragonal ZrO~ particles (Fig. 1). As a crack advances through a matrix, a process 
zone surrounds .... and precedes the crack tip. When this process zone contacts the 
stress fields of the tetragonal ZrO~ particles, the particles are transformed to a 
monoclinic structure. During the transformation, energy associated ~ith the ir3cture 
is absorbed and is not able to drive the crack. 
3 
CRACK 
PROCE S~ 2CHJE 
TRAN51="C~MkG Zr Oi 
PART r CLE S 
Fig. 1. Process zone surrounding advancing crack 
The t+m phase transformation is athermal; 16 the extent of the transformation 
depends only on the temperature and is independent of time. Because athermal trans-
formations produce an increase in strain energy, the reaction slows when it is 
partially complete, and a further increase in driving force is required for the 
reaction to continue. Therefore, there is a range of temperatures over which the 
tra~sformation takes place. The start of the transformation on cooling is designated 
M , and Mf denotes the temperature that prevails when the transformation of the last 
o~ the ZrO? particles is complete. The reverse transformation (m~t), which starts at 
a temperature designated by A , begins at a different temperature than Mf. 
Similarly, A£ designated the final temperature for the reverse transformation. 
Because of tnis difference in the transformation paths, a hysteresis effect is 
imparted to the dilation/temperature plot. 
There are several factors that affect the degree of retention of tetragonal 
particles. These include Zr0 1 particle size, influence of particle chemistry on the 
transformation temperature, dtspersion of the Zr0 1 particles, machining effects, such 
as sawing and grinding, and the physical properties of the matrix material. 
Zirconia Particle Size 
If the Al
1
0 matrix were able to inhibit the t-m phase transformatic1n, there 
would be localize~ stresses developed around each tetragonal particle. In this case, 
the tensile stresses at 1oom temperature in the matrix around spherical particles 
with radius R are given by 
a 
t 
(am - ap) (T 1 - T0 )(R/r) 
3 
2((1+µ )/2E • (l-2µ /E )] 
m m p p 
( '. ) 
in which a , a , µ , µ , E , and E are the expansion coefficients, Poisson's ratios, 
and Young vis ri?oduf\ for Ilf:he matlf-ix and Zr0 1 particles respectively, T 1 is the 
temperature below which stresses are no longer relaxed, T0 is room temperature, and r is the distance from the center of a particle to the stress-field edge. ihere exists 
a critical particle size, D , below which the t-+m transformation does not occur. 









in which C is a constant for a given particle-matrix pair. 
(2) 
From Equation 1, it can be seen that as E decreases, a decreases. This 
results in a larger De· Because of the high expaWsion coefficiefit of Al 2o 3 , D can be approximately 1 m. 4,18 c 
Influence of Particle Chemistry on the Transformation Temperature 
The temperature for pure tetragonal Zro2 to transform 
approximately 1200°C. By adding a stabilizer, such as 
transformation temperature can be lowered. Figure 
tetragonal-monoclinic transformation is not complete until 
mately 600°C is reached with an addition of 1.7 mo. % Y2o 3 . 
to the monoclinic form is 
~-"2l MgO, or Y ')o 3 , the 2 shows tnat the 
a temperature of approxi-
Equation 1 also indicates that the tensile stresses around the Zro 2 partcles are 
a function of the temperature difference between the transformation temperature and 
















Figure 2. Portion or the zirconiR-yttria system. 
5 
by adding a stabilizer decreases the effective magnitude of the stress. This results 
in the retention of more tetragonal zirconia. Care must be taken not to add too much 
stabilizer (in this case Y2o 3), or else the Zro2 will be completely transformed to the cubic phase, which does not contribute to the toughening effect. 
Dispersion of Zirconia Particles 
The basis for stress-induced transformation toughening is that the matrix 
constrains the tetragonal particles from changing to monoclinic crystal symmetry upon 
being cooled from sintering. For this to happen, the matrix must be able to with-
stand the stresses imposed on it, as seen from Equation 1. If the Zro2 particles are 
close to each other (whether there be too great a volume fraction of Zro2 or 
agglomerates), their stress-fields would interact, and the critical stress required 
for fracturing or microcracking the matrix would be exceeded. 
M h . . Eff 4, 22, 23 ac ining ects 
When metastable tetragonal Zro 2 is subjected to a stress, such as grinding or polishing, phase transformation to monoclinic s~etry can occur. Upon transforma-
tion, the volume increases and the shape changes. The result is the formation of a 
surface compression, the intensity of which decreases towards the interior. External 
stress must be applied to overcome this compressive layer before the surf ace can be 
placed in tension. Care, however, must be taken in grinding, polishing, and sawing 
because such procedures normally produce the originating flaws that induce the 
failure of brittle ceramics. 
Microcrack Formation-Extension 
Residual stresses and strains will develop in a matrix as a result of thermal 
expansion anisotropy, shape changes that take place during phase transformations, and 
thermal mismatch between the matrix and sec~dary particles during the cooling of a 
composite after high temperature sintering. Because Al 2o 3 has a greater thermal 
expansion than Zro2 , considerable stresses and strains are created at the interfaces 
of the Zro
2 
particies and Al 2o 3 matrix. The formation of subcritical microcracks can 
relieve these strains and stresses. As indicated in the preceding discussion, the 
t..,.m transformation occurs spontaneously when the ZrO? particles reach a crit~cr+ 
size, D. At this stage of transformation, subcritical microcracking occurs.' 
c 
Increased fracture toughness can be explained by the energy absorbing,c.;effec-
tiveness of microcracks that are oriented perpendicular to an applied stress~J (Fig. 
3). Microcracks with this orientation have a greater effectiveness in absorbing 
energy and extending subcritically before a major crack can propagate. The high 
density concentration of subcritical microcracks surrounding the ZrO~ particles 
absorb the energy that otherwise would go into the propagation of a crack.~ 
6 
z, O:a. 
Figure 3. Orientation of microcracks formed around zirconia particles. 
Crack Deflection/Multiplication/Impediment3 
When a crack is advancing through a matrix and encounters an obstructing parti-
cle, there are three possible ways for it to continue. First, it may go around the 
particle or be deflected from its path and thereby have its driving energy absorbed. 
Second, it may branch into two or more cracks in going around the particle and thus 
create additional new surface area. Third, it may be pinned or stopped from advanc-
ing by the particle. Although no serious attempt has been made to determine if these 
mechanisms are operative, they probably cannot be discounted. 
Generally there is uncertainty as to which toughening mechanism is the most 
operative in a ceramic composite. Typically, more than one is involved. Because of 
this, it is difficult to determine precisely which, if any, predominates in a given 
instance. 
Sintering of Alumina 
The sintering of oxides is believed to proceed by a diffusion process wherein 
vacanc~gs diffuse from the pores to the grain boundaries thereby eliminating the 
pores. By maintaining a high flux from the pores to the grain boundaries, oxides 
may be sintered to near theoretical density. 
Minor additives or solutes are often used in systems to aid in the sintering 
process. Solute additives may alter the defect structure of the matrix, form a 
liquid phase, produce a solid second phase, which pins the grain bpf ndaries, or 
segregete at the grain boundaries and thereby reduce boundary mobility. 
Several investigators have studied the Al 2o3 system to ~-We the role that 
small am'2tt;1ts of additives play in the sintering mechanism. Jorgensen and 
Westbrook doped A1 2o3 with NiO, Coo, Fe~o 3 , Cao, and MgO. They concluded that MgO inhibits the discontinuous grain growth tnat takes place through solute segregation 
at the grain boundaries, but they did not specify a mechanism. 
27 Jorgensen showed that solute additions to Al?OJ modify the solid state 
diffusion coefficients of the rate-limiting species. Tfie solute additive decreases 
grain bou~qary motion and allows the pores to remain at or near the gr3in 
boundaries ' where they can be eliminated by vacancy diffusion. 
7 
Most investigators have studied MgO and3fa0 as sintering aids for Al o 3 , b~i 
another aid is yttria (Y2o 3 ). Johnson et al. showed that there is substan~ial Y 
at the 3~rain boundaries 3~ two types of commercial aluminas doped with Y2o 3 . Nanni 





the idea that Y2o 3 inhibits discontinuous grain growth through a solute drag 
mechanism. 
EXPERIMENTAL PROCEDURE 
Each composite series was fabricated from Al2 o 3 obtained from Company of America, Pittsburg, Pa., and incrementar volume additions 
obtained from Magnesium Electron, Inc., Flemington, N.J., and Missouri 
St. Louis, Mo. Various grades of Al 2o 3 and Zro2 powders were examined. 
the Aluminum 
of Zro2 were Refractories, 
The theoretical densities of Al2o~ and Zro 2 which were used in all the 
calculations were 2.97 g/cm3 and 5.6 g/cm . It was assumed in performing the theo-
retical density calculations that no solid solution of Al2o 3-zro2 was formed and that the contribution of Y2o 3 was negligible. 
Each composition was ball milled for two hours in a porcelain mill with Al?o 3 
media. Distilled water was used as the suspending medium, and Darvan 7 and citric 
acid were added as deflocculating agents. Each slip was cast as a solid rectangular 
bar in a plaster-of-paris mold. Slip casting is a simple fabrication method, and the 
ball milling and def locculation associated with it makes it easy to break up 
agglomerates and uniformly disperse the Zro 2 particles throughout the Al?OJ matrix. Ammonium algenate was used as a mold release. The solid bars were air dried for 1 to 
7 days and then heated in an oven at 120°C for 3 to 7 days. This process was used 
for all the bars except those composed of Al6 grade Al 2o3 . These required much more 
careful drying in a closed container under constant humiaity for the first few days 
(approximately three). Careful attention had to be given to this drying procedure, 
otherwise during the sintering process, the bars would develop many internal cracks. 
When this happened, individual specimens could not be cut from the bars. 
A MoSi 2 element, resistance heated furnace was used to sinter each series in an 
air atmospnere. The sintered bars were diamond sawed into rectangular specimens 
measuring 0.125 in. in thickness, 0.25 in. in width, and 1.5 in. in length. In 
cutting the specimens from the bars, all six sides were sawed to provide a uniform 
finish for all the surfaces. The densities of the specimens were determined by using 
either the Archemedes' technique or measuring the samples' volume and weight. 
To measure toughness, the Single Edge Notched Beam (SENB) technique 13 was used. 
A small notch 2 to 2.5 mm long and 0.3 mm wide was introduced into the center of each 
specimen with a diamond blade (Fig. 4). Four to six notched specimens of each 
ZrO~ content were used for the fracture toughness measurements. The notched 
specimens were tested in four-point bending with a major span of 1 in., a minor span 
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Figure 4. Geometry of the test samples and equations used for 
physical property testing. 
Modulus of Rupture (MOR) measurements were conducted in three-point bending on 
the halves of the specimens used for the K C measurements. The span was 0.5 in. with 
a constant cross-head speed of approximately 0.05 in./min. 






I (111) +I (111) +I (111) 
t m m 
(3) 
in which I ( 111) , I ( 111) , and I ( 11 l) are the integrated intensities that were 
obtained thfough an t:ray analysis Nf the strong tetragonal and two strong monoclinic 
peaks respectively. The weight fraction of the tetragonal ZrO, was converted to a 
volume fraction and multiplied by the corresponding total volume~ Zr0 2 to obtain the 
volume % tetragonal Zro 2 . By subtracting the volume % tetragonal ZrO~ from the total 
volume % Zro
2
, the volume % monoclinic Zro 2 was obtained. 
Scanning electron microscopy (SEM) (JEOL model JSM-3SCF) was used to observe the 
fractured surfaces. In this way, information about particle size distribution, 
shape, and dispersion was obtained. 
9 
To make the thermal shock measurements, the specimens were quenched in room 
temperature water. Each specimen was allowed to equilibrate at its temperature for 
15 minutes before quenching. The strength of the quenched specimens was then tested 
in three-point bending with a span of 0.5 in. and with a constant cross-head speed of 
approximately 0. 05 in. /min. An Orton automatic recording dilatometer was used to 
measure the thermal expansion between room temperature and 950°C. 
Prototype tubular cylindrical chamber liners were fabricated in the same manner 
by slip casting in plaster-of-paris molds. The slip used represented the best 
combination of Zro2 particle composition, size, size distribution, and Al2o3 matrix 
material as well as the optimum fabrication procedures developed during the project. 
RESULTS AND DISCUSSION 
The particle size of the Zro2 plays an important role in the toughening 
mechanism (see Equation 2). Various combinations of Al?O and ZrO powders were used 
as the basis for each compositional series. Each composiiion was ~all milled for two 
hours to break up agglomerates without disturbing the initial particle size 
distribution. 
Two general types of Zro2 powder were investigated. Specimens were prepared 
with unstabilized zro2 with different initial particle size distributions and with Y2o3 PSZ powders. Two grades of commercial alumina powder were used as the matrix 
material. Each compositional series consisted of 0 through 20 volume % Zro 2 with increments of 2.5 volume %. 
Unstabilized Zirconia Powder 
Two grades of ZrO powder from Magnesium Electron, Inc. were used: SC20 with an 
average particle size 1Fisher) of 1 to 2 µ and SC16 with an average particle size of 
0.9 µ. Two grades of Alcoa Al 2o1 powder were used as the matrix material: A17 with 
an average particle size of 3 to J.5 µ and A16SG with an average particle size of 0.3 
to 0.5 µ. 
Series 1 
Table 1 contains a summary of the data collected for Series 1 containing Al7, 
Al 2o3 and SC20, ZrO? grade powders. Each slip was batched to 75 wt% solids. The 
series was sintered in air at 1700°C for two hours. 
For stress-induced transformation to contribute to the toughening process, the 
Zro2 particles must be retained in the tetragonal structure. Figure 5 shows KIC' 
volume % tetragonal Zr02 , and volume % monoclinic Zr02 as a function of total volume % ZrO,.,. As illustrated"" in the figure, a very low voiume % tetragonal ZrO? for each 
composition corresponds to a low K1 value and a slight increase in - volume % tetragonal ZrO, corresonds to a peak: Cin KIC. This suggests that there may be a 
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Table 1. Series 1 
Al 7 Alumina and SC20 Zirconia 
Sintered 1700°C for 2 hr 
75 wt% Solids 
Sintered Volume % KIC MOR Volume % Density Tetragonal Toughn,ss Std Dev Strength Std Dev 
Zirconia % TD Zirconia (MN/m3 2) (psi) 
0 92.6 1. 99 0.20 52000 74000 
2.5 95.1 0.8 2.33 0 .14 40500 7300 
5 94.4 1. 2 2.67 0.33 27900 870 
7.5 95.5 0.8 1.68 0.30 21200 1800 
10 96 .o 0.7 1. 61 0. 19 19200 1500 
12.5 95.6 0.3 1.37 0 .10 16600 3000 
15 95.4 0.3 1. 23 0. 16 15400 2400 
17.5 95.8 o.o 1. 26 0.17 12300 4600 
A decrease in volume % tetragonal Zr02 indicates that the Al2o3 matrix is unable to control the t~m transformation, and as a result microcracks form around each ZrO 
particle. Specimens with too high of a density of microcracks usually have reducea 
strength. In Figure 6, the MOR curve drops with increasing volume % Zro2 . Apparently, the main reason for the failure of the Al2o3 matrix to control the t~m transformation is that the Zro2 particle size was too large. Therefore, in the balance of the tests, SC20 grade ZrO~ powder was not used. 
'-
Series 2-4 
Different slip properties can influence the properties being measured. Tables 2 
through 4 summarize the data for Series 2 through 4. In these series, the specimens 
were composed of Al 7 Al2o3 and SC 16 Zro2 and differed only in the wt% solids 
content of the slip. Eac1i series was sintered in air at l 725°C for four hours. 
Figure 7 through 9 show KC' volume % tetragonal Zro2 , and volume % monoclinic Zro 2 as a function of total votume % ZrO? for the 84, 80, and 76 wt% solids series. In each of these series, the maximum volume % tetragonal ZrO~ peak corresponds with a 
maximum in K at 5 volume % Zro 2 . The increase here appears to be caused by transformatio~C toughening. The curves drop in volume % tetragonal Zr0 1 ancl KIC at 7.5 volume% Zro2 • -
Series 5 
From Equation 1, one can see that the Young's modulus for the matrix, which is 
directly related to the density, is an important parameter for control of the sponta-
neous t+m. transformation. 
12 
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Fig. 7. Series 2: KIC and volume % monoclinic, tetragonal ZrO ? 
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Table 2. Series 2 
Al 7 Alumina and SC16 Zirconia 
Sintered 1725°C for 4 hr 
84 wt% Solids 
Sintered Volume % KIC MOR 
Volume % Density Tetragonal Toughn,ss Std Dev Strength Std Dev 
Zirconia % TD Zirconia (MN/m3 2) (psi) 
0 96 .4 2.97 0.23 29400 10900 
2.5 97.2 1.1 4.97 0 .14 50800 4900 
5 98.3 1. 8 6.11 * 32800 16800 
7.5 97.6 1.0 2.57 * 17400 1900 
10 97.4 0.6 3.13 0.26 21800 900 
12.5 98.5 0.2 4.34 0.47 25600 5800 
15 98.3 0.2 4.17 0.29 30200 8400 
17.5 97.3 0.2 4.43 0.37 22400 4400 
20 97.2 0.0 4.54 0.40 29800 5200 
*Not enough data to calculate Standard Deviation 
Table 3. Series 3 
Al 7 Alumina and SC16 Zirconia 
Sintered 1725°C for 4 hr 
80 wt% Solids 
Sintered Volume % KIC MOR 
Volume % Density Tetragonal Toughn7ss Std Dev Strength Std Dev 
Zirconia % TD Zirconia (MN/m3 2 ) (psi) 
0 96 .8 4.29 0.60 46200 13700 
2.5 98. 1 1. 2 4.51 0.24 43000 5500 
5 98.0 2.4 5.34 0.49 49200 10800 
7.5 q8.0 1.4 + + 14400 4700 
10 97.3 0.4 2.03 0.35 15200 5200 
12.5 97.8 0.4 2.83 0. 14 25800 3200 
15 96.6 0.4 4.63 0.34 37000 2600 
17.5 97.5 0.3 4.52 0.35 29600 5800 
20 97.5 0.0 3.78 * 26400 9000 
+No data 
*Not enough data to calculate ·Standard Deviation 
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Table 4. Series 4 
A17 Alumina and SC16 Zirconia 
Sintered 1725°C for 4 hr 
76 wt% Solids 
Sintered Volume % KIC MOR 
Volume % Density Tetragonal Toughn,ss Std Dev Strength Std Dev 
Zirconia % TD Zirconia (MN/m3 2) (psi) 
0 95.2 3.23 0.23 49400 12800 
2.5 96.3 1.2 3.04 0 .18 49600 4400 
5 97.4 2.0 3.40 0.11 48600 4400 
7.5 97.8 1.4 2.44 0 .14 16000 1500 
10 97.1 1.0 2.22 0.24 16200 4700 
12.5 96. 2 0.7 2.06 0.26 21400 2600 
15 95.2 0.2 3.38 0.51 35000 4100 
17.5 96. 0 0.1 3.42 0.54 20000 7300 
20 96.2 o.o 3.09 0.31 37200 2600 
In Table 5, the data show that the density for each composition is near theoret-
ical. The high % theoretical density is achieved because of the much smaller parti-
cle size distrib~tion of t~e Al~ S~ Al 2o3 , whic~ is more reactive to sintering. It 
should be noted that the s1nter1ng temperature is not as great as that required for 
the A17 Al 2o3 specimens. 
Volume % Sintered 









20 96. 3 
Table 5. Series 5 
A16 Alumina and SC16 Zirconia 
Sintered 1650°C for 4 hr 
73 wt% Solids 
Volume "" ;, 
















2.40 0. 11 
2.31 0.64 
1. 81 0. 18 
1. 61 0.24 
1. 72 0.37 
1. 67 0 .10 
Figure 10 shows that the trend for K1C and volume % tetragonal Zro2 is the same. There is a maximum at 5 volume % total Zro2 that is comparable to the previous series 
except that there is no secondary KIC increase around 15 volume % Zr02 • 
Because A16SG Al2o3 has a narrow distribution of very small particle sizes, the drying procedure requires much attention as was noted in the description of the 
experimental procedure. It is felt that, for this reason and the low K1C values 
obtained from Series 5, too much time and effort had to be expended to investigate 
sufficiently the Al6SG grade Al2o3 powder. Therefore, in all subsequent runs, Al7 A1 2o3 powder was used exclusively. 
Yttria PSZ Powders 
Two commercial brands of Y 0 PSZ powders were used in this part of the study. 
The Magnesium Electron, Inc. (Mtr1 Grade SC16 powder with 2% wt Y2o3 was designated 
as SC16Y2 and the one with 4% wt was designated as SC16Y4. The Missouri Refractories 
(MORCO) powder was designated as U. The particle size distribution of this latter 
powder is given in Table 6. X-ray phase analyses of these two powders revealed that 
the Y 0 is in complete solid solution with the Zro2 in the MEI powder, whereas in the MCRCO powder it is predominantly free. Both powaers were charged into the ball 
mill in the as-received state without further heat treatment or calcining. 
Series 6 
Table 6 
Particle Size Distribution for 
Missouri Refractories U Zirconia 
Microns % Smaller Than Cumulative 
176 100.0 
125 99.4 
88 92. 1 








3.0 36. 1 
2.8 19.8 
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Previous work36 has shown the addition of 3.5 to 4.5 wt% Y 2o~ is sufficient to 
retain greater than 90% of the tetragonal particles in pure Zro2 • ~ome cubic Zro2 is 
seen at greater than 4.5 wt% Y2o 3 . 
Table 7 contains the data collected for Series 6, for which the specimens were 
composed of Al7 Al 2oi and SC16Y2 Zro 2 . As noted in the table and in Figure 11, the 
values of the volume lo tetragonal Zro2 are much greater and located much later in the 
series than in the previous unstabilized series. In Series 6, the maximum KIC 
precedes the maximum volume % tetragonal Zro 2. 
Table 7. Series 6 
Al 7 Alumina and SC16Y2 Zirconia 
Sintered 1725 °C for 4 hr 
73 wt% Solids 
Sintered Volume % KIC MOR 
Volume % Density Tetragonal Toughn7ss Std Dev Strength Std Dev 
Zirconia % TD Zirconia (MN/m3 2 ) (Esi) 
0 98.0 1. 9 3.97 0.33 48600 8400 
5 97.2 3.5 4.70 0.36 70400 10500 
7.5 97.7 5.6 5.06 0.24 74000 21800 
10 98.0 7.0 5.06 0.45 90600 16300 
12.5 98.0 8.0 6. 16 0. 72 81600 15700 
15 97.4 8.9 5.28 0.45 76000 12500 
20 97.5 3.6 4.65 0. 11 53000 7000 
The MOR, as shown in Figure 12, 
before decreasing. 
increases to a maximum at 10 volume % Zro 2 
Series 7 
Table 8 contains the data collected for Series 7 for which the specimens were 
composed of Al7 Al 0 and SC16Y4 Zr0 7 • As discussed previously, 2 limit of 
approximately 4 .5 wtt '.lr 2o 3 is sufficient to initiate the complete stabilization of pure ZrO . The data snow that most of the ZrO,., particles are tetragonal. X-ray 
phase anJiysis for tetragonal and monoclinic phase distrihution showed no detectable 
cubic phase. 
Figures 13 and 14 show that the KIC and MOR increase as the volume ~ tetragonal 
ZrO~ increases. These ascending values probably reflect the toughening c2used hy the 
transformation. It is expected that as the total volume % Zro 2 _increases beyond the ran~e i~vestigated t~ere ~ill be~ point where the K1C will ~aximize and then.decline indicating a saturation interaction of the ZrO? particles in the Al?o 3 m~trix. The MOR already showed a leveling out with only 12 volume % ZrO~. Time clld not allow for 
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Table 8. Series 7 
Al 7 Alumina and SC16Y4 Zirconia 
Sintered 1700°C for 4 hr 
64 wt% Solids 
Sintered Volume % KIC MOR Volume % Density Tetragonal Toughn,ss Std Dev Strength Std Dev 
Zirconia % TD Zirconia (MN/m3 2) (psi) 
2.5 93.7 1.4 2.81 0.31 63300 3400 
5 94.9 3.5 3.74 0.58 59000 13200 
7.5 90.8 4.8 3.59 0.37 77100 5800 
10 92.0 6.9 3.57 0.09 84100 2100 
12.5 92.2 9.0 4.45 0.37 93800 8900 
15 96 .9 11.5 5.01 0.86 92300 7200 
17.5 95.l 15.3 5.09 0.46 94500 13900 
20 95.2 18.2 5.75 0.91 93000 6900 
Series 8 
The specimens for Series 8 were composed of Al7 Al 2o3 and Missouri Refractories grade U Zr02 . Table 9 contains the data for this series. These data and the curve in Figure rs show that all of the Zr02 is of tetragonal symmetry and that no 
monoclinic particles are present. No quantitative analysis was performed on the 
initial Zr02 starting powder, -but an X-ray analysis suggested that between 4 and 5 
wt% free Y2a3 was present. 
Table 9. Series 8 
Al 7 Alumina and MORCO U Zirconia 
Sintered 1700°C for 3 hr 
64 wt% Solids 
Sintered Volume % KIC MOR 
'.
7olume % Density Tetragonal Toughn7ss Std Dev Strength Std Dev 
Zirconia % TD Zirconia (MN/m3 2) (Esi) 
0 93.9 5.62 0.52 44200 5300 
2.5 93.0 2.5 5.65 0. 10 53000 6800 
5 95. 1 5.0 5.82 0.59 59000 t)OOO 
7.5 96. 3 7.5 6.17 0.79 58800 4800 
10 96 .8 10.0 6.14 0.27 63600 10800 
12.5 96 .6 12.5 6.73 0.31 61200 3500 
15 96.0 15.0 5.26 0.66 43200 14800 
17.5 96. 2 17.5 5. 71 0.48 51800 12500 
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This series exhibits the highest toughness values of all the preceding series. 
Figure 16A shows a SEM micrograph of a fracture surface of pure Al2o3 for this 
series. It can be seen that the Al2o3 grains are closely bonded ana that the porosity is uniformly distributed, altfiough the percentage of theoretical density 
achieved was relatively low. No significant secondary grain growth can be observed. 
Figure 16B is a split SEM micrograph of a fracture surface of a 12.5 volume % 
total Zro2 specimen from Series 8. The left half of the figure illustrates the back 
scattering mode (the white grains are Zr02), and the right half the regular mode. The Zro 2 grains are intergranular, and no significant grain growth is observed. 
The toughness values plotted in Figure 15 peak at 12.5 volume% total Zro2 , and the strength data plotted in Figure 17 follow the same general trend. 
Series 9 
Because the percentage of the theoretical densities were relatively low for 
Series 8, another identical series of specimens (Series 9) was fabricated from the 
same powders. All the slip conditions and techniques were reproduced, but th·e 
sintering temperature and time were increased to increase the final density of the 
sintered specimens. 
Table 10 contains the data for Series 9. These data show that the density is 
increased and the volume % tetragonal Zro 2 is the same (all tetragonal) but that the toughness values are markedly lower. Figure 18 is a scanning electron micrograph of 
a fracture surface of a 12.S volume % Zro2 specimen. This micrograph reveals exten-
sive secondary grain growth and a large pore structure. Because of the pore struc-
ture, the KIC values are low. 
Table 10. Series 9 
Al 7 Alumina and MORCO U Zirconia 
Sintered l 725°C for 4 hr 
64 wt% Solids 
Sintered Volume % KIC 
Volume % Density Tet Toughn,ss Std Dev 
Zirconia % TD Zirconia (MN/m3 2) 
0 95.2 4. 16 0.20 
2.5 94.4 2.5 2.58 0.25 
5 96. 9 5.0 3. 11 0.35 
7.5 95.9 7.5 3.35 0.54 
10 96. 5 10.0 3.73 0.49 
12.5 96. 5 12.5 3.27 0.53 
15 97.2 15.0 3.66 0.51 
17.5 97.3 17.5 3.31 0.34 
20 97.4 20.0 3.61 0.29 
28 
A. Al7 Al~0 3 (from Series 8) sintered 1700°C for 3 hr ~ (lOOOx) 
B. Al7 Al 0, and 12.5 volume 'Z MORCO lJ zirconia (from Series 8) 2 3 (lOOOx) 
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Fig. 17. Series 8: MOR versus total volume '77 Zro 2 . lo 
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Fig. 18. Al7 Al 2o3 and 12.5 % MORCO U zirconia. (lOOOx) 
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Therefore, in order to retain the high toughness exhibited in Series 8 but 
increasing the density without allowing secondary grain growth, the final test 
specimens were fabricated from Al 7 A1 2o3 and 12. 5 volume % MORCO U with the wt% 
solids increased and the sintering cycle reduced to 1700°C for 2 hours. 
Table 11 contains the data collected for these samples. These specimens are 
very near the theoretical density with the best combination of high KIC and MOR with 
a good fine grained microstructure. 
Sintered 
Densit:t:, % TD 
99.8 
Table 11 
Data from Final Composition 
Al7 Alumina and 12.5 Volume % MORCO U Zirconia 
Sintered 1700°C for 2 hr 
75 wt% Solids 
Volume % MOR 
Tet Toughn,ss 
KIC 
Std Dev Strength Std Dev 
Zirconia (MN/m3 2 ) (Esi) 
12.5 6.32 0.52 79600 5200 
Thermal Exp 
(in/in °C) 
7.37 x 10-6 
Table 12 and Figure 19 show the thermal shock data. The critical temperature 
change (6T) is apg7oximately 300°C. This is lower than the highest values reported 








Thermal Shock Data for Final Composition 
Al7 Alumina and 12.5 Volume % MORCO U Zirconia 
Sintered 1700°C for 2 hr 













Prototype tubular chamber liners were fabricated by drain slip casting to near 
net shape by using this same slip composition and sintering cycle. They were diamcnd 
machined on all surf aces to the prototype dimensional specifications and delivered to 
the Army for in-chamber testing. 
A test bar was also prepared from this final composition, and the thermal 
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Fig. 19. MOR versus temperature change for final composition. 
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Table 13 contains the physical property data for the final composition from 
which the feasibility of fabricating toughened composite ceramic liners under the 
~rov1~1on~ of this contract have been established. Those data not already reported 
in t?is f in~l repor~ were taken from the literature on fine grained polycrystalline 
aluminum oxide ceramics. 
Table 13. Properties of the ceramic composite from which 
the prototype feasibility liners were made. 
*Liner coefficient of thermal expansion 
Thermal conductivity @ 25°C 
@ 900°C 




*Tensile Strength (MOR) 25°C 
Compressive Strength 
*Fracture Toughness (K1C) 
Young's Modulus (E) 
Poisson's Ratio (µ) 25°c to 1000°C 
*Data determined in this study. 
7.37 x 10-6 in/in°C 
0.086 cal/sec cm°C 




99.8% of theoretical 
2000-3000 Kg/mm 2 
79,600 psi 
500,000 psi 
6.32 MN/m3 / 2 
6 55-59 x 10 psi 
.32 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
The feasibility of fabricating toughened ceramic chamber liners for small 
caliber automatic weapons has been established. These chamber liners have been 
delivered to the Army and represent a material with greatly enhanced toughness as 
characterized by t~e much hig~er stress i~tensity fact~r, KIC..' while main~aining.all 
of the other highly desirable physical properties ol: dense, fine-grained 
polycrystalline alumina ceramics. This was accomplished using a composite of par-
tially stabilized zirconia (PSZ) particles dispersed in a dense, fine-grained alumina 
matrix. A slipcasting fabrication technique was utilized which has the advantages of 
1) creating and maintaining a uniform distribution of single, non-agglomerated 
zirconia particles within an alumina body, and 2) forming the hollow cylindrical 
liners tu near net shape without expensive tooling costs. This process results in a 
"green" body with a high green density which can be densified by pressureless 
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sintering to near theoretical density while maintaining the fine-grained micro-
struc ture required for maximum strength and optimum physical properties. 
The pressureless sintering process itself is a much more cost effective method 
of achieving such bodies of optimum properties than hot pressing or hot isostatic 
pressing (HIPing). The achievement of the fine-grained microstructure and very high 
density in this study was aided by the yttria addition present in the zirconia 
powder. Some of this yttria apparently segregated to the alumina grain boundaries, 
limiting grain growth and enhancing vacancy diffusion from the pores allowing them to 
be eliminated while the remaining yttria served to partially stabilize the zirconia 
particles by going into solid solution in the zirconia crystal structure. 
The delivered chamber liners represent _a superior ceramic designed for the 
severe environment of the firing chamber of an automatic weapon. They are the end 
result of the optimization process described in this study involving a great number 
of material and fabrication variables. The initial firing tests to be conducted 
should determine the shock resistant capabilities of the composite ceramic chamber 
liners for use in an Advanced Combat Rifle using caseless ammunition. On successful 
completion of the initial tests, further testing will be required to determine the 
ef feet of the chamber liner on chamber erosion using case less ammunition and on 
cook-off using both cased and caseless ammunition. Ultimately, a complete optimiza-
tion of weapon design with toughened ceramic components will be required. 
Because the activity described in this report is a first step in the material 
selection and fabrication technique, it is anticipated that refinements in both 
material specification and fabrication technique will be needed because a great deal 
of flexibility still exists in the particular set of physical properties which the 
ceramic components can be made to have. Recent literature on these types of compos-
ite systems has demonstrated the wide range of possible properties achievable by 
properly controlling the many variables involved in their fabrication. 
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